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This review describes the sources, fate, and transport of
perfluorocarboxylates (PFCAs) in the environment, with a
specific focus on perfluorooctanoate {PFO). The global
historical industry-wide emissions of total PFCAs from direct
{manufacture, use, consumer products) and indirect
{PFCAImpurities andfor precursors) sources ware estimated
to be 32007300 tonnes. It was sestimated that the
majority {(~80%) of PFCAs have been releasad to the
environment from fluoropolymer manufacture and use.
Although indirect sources ware estimated to be much less
importantthan directsources, thers ware larger uncertainties
associated with the calculations for indirect sources.

The physical—chemical properties of PFO {negligible vapor
pressure, high solubility in water, and moderate sorption
o solids) suggested that PFO would accumulats in surface
waters. Estimated mass inventories of PF0 in various
environmental compartments confirmed that surface waters,
aspecially oceans, contain the majority of PFO. The only
environmental sinks for PFO were identified to be sediment
burial and transport to the deep oceans, implying a long
snvironmental residence time. Transport pathways for PFCAs
in the environment were reviewed, and it was concluded
that, in addition 1o atmospheric transport/degradation

of precursors, atmospheric and ocean water transport of
the PFCAs themselves could significantly contribute to their
long-range transport. It was estimated that 2—12 tonnes/
vear of PFO are transported to the Artic by oceanic transport,
which is greater than the amount estimated to result

from atmospheric transporifdegradation of precursors.

Intreduction
Production of perfluoroalkyl carboxylates [F{CF,),CO,, 1 2
7, PFCAs| beganin 1947 using an electrochemical fluorination
process (1), Early uses documented in 1966 for this “new
class of compounds” were based upon their chemical
stability, surface tension lowering properties, and ability to
create stable foams, and included metal plating and cleaning,
coating formulations, fire-fighting foams, polyurethane
production, inks, varnishes, vinyl polymerization, lubricants,
gasoline, and oil, and water repellents for leather, paper, and
textiles {2). Many of these uses were still in practice in the
1990s (3).

PFCAs and their potential precursors are of increasing
scientific and regulatory {4) interest because they have been
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found globally in wildlife and in humans (5 15). However,
the sources of PFCAs in the environment, their physical—
chemical properties, and fate and transport are not well
understood or described.

This paper provides the first detailed accounting of the
direct and Indirect sources of PFCAs released into the

environment. Typical PFCA compositions are described and
historical global emissions from production and use as well
as PFCA emissions from potential degradation of poly- and
perfluorinated precursors are estimated for the period 1951 —
2004. Recent industry actions to reduce PFCA global emis-
sions are described. The paper additionally reviews the
physical—chemical properties, fate, and transport of PFO for
which there is the most available information as representa-
tive of PFCAs in general. PFO mass inventories in different
environmental compartments are estimated to provide an
indication of environmental distribution. Finally, key PFQ
environmental sinks and transportpathways are scrutinized.

Sources of PFCAs

There are both direct and indirect sources of PFCA emissions
to the environment (Figure 1). Direct sources result from the
manufacture and use of PFCAs, while indirect sourcesin the
envirorument are those where PFCAs are presentas chemical
reactionimpurities orwhere substances maydegrade to form
PFCAs. The historical period of use or production and an
estimation of the global industry-wide emissions for each
PFCA “source” are shown in Table 1. The historical emission
estimations are provided as ranges based on available data
to account for the uncertainty in production, use, and
emissions values over time. Computational details for the
ranges reported and a summary of chemical substances, their
acronyms, and chemical structures are provided in the
Supporting Information.

Diirect Sources of PFCAs. PFCA Manufacture. PFCAs have
been manufactured as salts by four distinct synthesis routes,
namely: electrochemical fluorination (ECF), fluorotelomer
iodide oxidation, fluorotelomer olefin oxidation, and fluo-
rotelomer jodide carboxylation. Historically, commercial
PFCA products were mixtures containinglinear eight- or nine-
carbon PFCAs as their major component. Depending upon
the synthesis route and raw material, the PFCA products
also contained homologues ranging from four to thirteen
carbons with as much as 30 wt % branched PFCAs present
{16, 17). An overview of the chain length composition,
predominance of even (E) or odd (O} and straight (8) or
branched (B) character from PFCA manufacture is shown in
Figure 2. Direct PFCA sources are highlighted in the upper
part of Figure 2. The chemical synthesis routes and com-
position of some representative commercial PFCA products
are provided in the Supporting Information.

From 1947 through 2002, the ECF process (16) was used
worldwide to manufacture the majority (80—90% in 2000} of
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FIGURE 1. Potential sources of perflucrocarboxylates (PFCAs) F(CF,),C00~: APFO = ammonium perfluorooctancate; APFN = ammonium
perfluorononanoate; AFFF = aqueous fire-fighting foam; POSF = perflucrooctylsulfonyl fluoride.

TABLE 1. Glohal Historical PFCA Production and Emissions Summary®

historical

time period
environmental input source {years)
Direct PFCA Sources
PFCA manufacture
PFO/APFO 1951-2004
PFN/APFN 1975—-2004
total manufactured
Industrial and Consumer Uses
fluoropolymer manufacture (APFO) 1951-2004
fluoropolymer dispersion processing (APFO) 1951-2004
fluoropolymer manufacture (APFN) 19752004
fluoropolymer processing (APFN) 1975-2004
aqueous fire fighting foams (AFFF) 1965—-1974
consumer and industrial products 1960-2000
total direct
Indirect PFCA Sources
POSF-based products
PFCA residual impurities 1860—-2002
POSF-based precursor degradation 1960-2002
POSF-based AFFF 1970-2002
fluorotelomer-based products
PFCA residual impurities 1974-2004
fluorotelomer-based precursor degradation 1974-2004
fluorotelomer-based AFFF 1975—-2004

total indirect

total source emissions (direct + indirect)

historical PFCA emissions

estimated total
global production

{t {t)

estimated total global

400-700
70-—-200

470900

3600—-5700
800—-2300

4400—-8000

2000—-4000
200—-300
400—1400
10-20
50-100
40-200

32006900

20-130
1-30
3-30

0.3—-30
6—130

<1
30350
32007300

4 Low and high estimated values as well as the period of use/production for each source are based upon publicly available information cited

in the text. See the Supporting Information for additional details.

ammonium perflucrooctanoate (APFQO). The largest produc-
tion sites were in the United States and Belgium, the next
largest were in Ttaly, and small scale producers were located
inJapan. The remaining 10—-20% of APFO was manufactured
from about 1975 to present by direct oxidation of perfluo-
rooctyl iodide (18} at one site in Germany and at least one
sitein Japan. Solid APFO was used in making flucropolymers
{e.g., Fluorad FC-143) (19). An aqueous solution {e.g., Fluorad
FC-118) has been used in recent years because solid APFQ

readily sublimes and proved difficult to handie. Additional
production, use, and disposal of limited research quantities
of PFCAs has taken place in numerous academic and
industrial locations worldwide over the past 50 years as
indicated by patents and papers in the scientific literature.
In 1999, global annual APTO production was approximately
260 tonnes (f) {20}, PFO emissions from the largest ECF
production plant, located in the United States, were reported
to be approximately 20 £ (5 10% of total annual production)
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FIGURE 2. Commercial PFCAs composition and chain length distribution: $ = contains straight, linear carbon chains; B = contains
branched carbon chains; E = even carbon chain(s) predominates; 0 = odd carbon chain(s) predominate; the black shaded areas highlight
the major carbon chain length isomer(s). Shaded areas are the minor carbon chain length issmers. Where noted "possible,” it is not clear
from information available to what extent these chain lengths have been manufactured. Future producer and monitering information may

provide confirmation.

in 2000, roughly 5% discharged to air and 85% to water (21).
The estimated historical (1951—-2004) industry-wide global
emissions from APFO manufacture are between 400 and
700 t

By 2002, the principal worldwide APFO manufacturer by
the ECF process discontinued external sales and ceased
production leaving only a number of relatively small pro-
ducers in Furope and in Asia {22). New APFO production
capacity based on >98% pure perflucrooctyl iodide com-
mencedin the United Statesinlate 2002 with reported annual
releases of approximately 50 kg per year to air (23). With the
termination of U.5. ECF-based manufaciure, current and
future U.S. releases from APFO manufacture have been
dramatically reduced from many t per vear to kg per vear.
As a result, global APFO manufacturing emissions have
decreased from about 45 tin 1999 to about 15 tin 2004 and
to an expected 7 tin 2006 {20).

Ammonium perflusrononanoate (APFIN) is manufactured
primarily in Japan by oxidation of a mixture of linear
fluorotelomer olefins {(FTOs) to the corresponding odd-
numbered PFCAs {24, 25). The principal raw material is 8-2
flunrotelomer olefin (8-2 FTQ). Surflon 5-111, a commercial
product {(CAS 72968-3-88), is described as “Fatty acids,
C7-13, perfluoro, ammonium salts” a mixture of PFCAs
between seven and thirteen carbons in length (26). Patent
citations also indicate fluorotelomeriodide carboxylation as
a process for APFN production (27). The starting fluorote-
lomer olefin or iodide dictates the resulting PFCA composi-
tion. APFN production is believed to have started in about
1875 (24) and continues today., APFN is primarily used as a
processing aid in flucropolymer manufacture, most notably
polyvinylidene fluoride (PVDF). We estimate annual APFN
production in 2004 to be between 15 and 75 t We further
estimate emissions to air and water from APFN production
to be 10% of the amount produced. Based upon APEN
production from 1975 to 2004, estimated historical global
emissions from APFN manufacture are between 70 and 200
. No information was found describing efforts to reduce
emissions from APFN manufacture.

Fluoropolymer Manufacture and Processing. PRCAs have
been used for over fifty years as processing aids in the
manufacture of flusropolymers such as polytetrafluoroet-
hylene (PTFE) and polyvinylidene fluoride (PVDF) (28).
Fluoropolymer manufacture is the single largest direct use
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of the ammonium salts of perfluorooctansic and perfluo-
rononanoic acid (PFOA and PFNA). They act to sclubilize
fluoromonomers to facilitate their aqueous polymerization.

1112002, there were 33 flucropolymer manufacturing sites
worldwide located in North America {eight), Japan (seven),
China (seven}, Europe {seven), Russia (two}, and India {one)
with a total fluoropolymer manufacturing capacity of 144 000
£ (29). The disposition of APFCG in 1999 used in flucropolymer
manufacture was 61% emitted, 14% reprocessed, 7% de-
stroyed, and 16% remaining in fluoropolymer dispersion
products {20, 31). In 2000, it is estimated that 230375 t of
PFCAs were produced and used globally as processing aids
for fluoropolyvmer manufacture: 85% APFO and 15% APFN.
PECA point source emissions from fluoropolymer manu-
facturing have been reported to be approximately 60% of the
total PFCAs used corresponding to 110 and 250 ¢ per year
with 23%, 65%, and 12% distributed to air, water, and land,
respectively (20, 31). Reported annual APFQ emissions from
a Buropean fluoropolymer production plant to air and water
were 30 and 4 t, respectively {30). Historical APFO use,
ernissions, and routes (o the environment from 1951 to 2003
for a U.S. fluoropolymer manufacturing site have been
recently tabulated (31). Based upon annual industry-wide
fluoropolymer production data from 13851 to 2003 (29, 31),
estimated historical global PFCA emissions {as APFO and
APFN described above) from fluoropolymer manufacture are
in the range of 24005400 t. Historical use of PFCAs in
fluoropolymer manufacturing facilities is the single largest
known source of PFCA emissions.

Fluoropolymer manufacturers have recently instalied
additional capability to capture and recycle APFQ (20).
Agqueous APFO solutions have been processed for reuse in
all regions. Dramatic (>90%) reductions in overall APFO
environmental releases over the past few years have been
reported (23, 30). The recent historical trend in APFQ
emissions from fluoropolymer manufacture shows a decrease
from hundreds of tin 1999 toless than 50 t projected In 2006.
Fluoropolymer producers who use APFN have forecasted a
67% reduction in emissions by 2006 (26).

Filuoropolymer Dispersions. PTFE-based fluoropolymers
are manufactured in many ways and processed with different
heat histories that dictate APFO disposition (32, 33). Most
flucropolymers are sold as solid granules or peliets with the
majority {>99%) of APFO removed (33). Approximately 16%
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are sold as aqueous dispersions, which still contain APFO.
Dispersion products, made since 1951, typically contain 2000
ppm or less APFO but may contain up to 7000 ppm (34).
Customers, called “dispersion processors,” generally use the
fluoropolymer dispersions to coat metal and fabric surfaces,
The coated goods are then subjected to various levels ofheat
treatment up to and including temperatures which decom-
pose all APFO present {33). Recently, the flucropolymer
manufacturers have completed a study to determine the
disposition of AFFO during dispersion processing and found
that on-average 62% was thermally destroyed and 38% was
ermitted to the environment (34).

On the basis of total APFO use in flucropolymer manu-
facture from 1951 to 2004, estimated total historical global
APF(G emissions from fluoropolymer dispersion processing
are between 200 and 300 t. The Fluoropolymer Manufacturing
Group (FMG) recently announced they would reduce the
concentration of APFO in fluoropolymer dispersions by at
least 90% and thereby dramatically reduce the future
emissions from dispersion processing (34). This action will
reduce APFO emissions of 20 tin 1999 by 90% in 2006.

PVDF polymers produced using APFN are not generally
sold as aquecus dispersions, PVDF polymers are sold as a
solid with an estimated residual content of 100200 ppm
APFN. Total global historic APFN emissions from processing
of PVDF containing these levels of APFN is estimated to be
between 10 and 20 t.

Aqueous Fire-Fighting Foams (AFFF). PECAs manufactured
by the ECF process were used as a component in agueous
fire-fighting foam (AFFF) from approximately 1965 to 1975
{2, 35, 36). In this time period, ECF-based PFCA surfactants
in AFFF formulations were used by the military (e.g., at aircraft
bases and aboard ship) and in oil and gas production, refining
industries, and airportsworldwide, Regular training exercises
utilizing AFFF formulations containing PFCAs were con-
ducted with direct release to soil and water resulting in
widespread input to the environment from a host of point
sources located in urban, rural, and remote regions (e.g., the
Alaska pipeline after 1977, Northern Region Arctic Military
Bases) as wel as to the oceans from shipboard and oil rig
training exercises (37—41). Annual use of PFCA-based ATFF
products is estimated to have been between 5 and 10 { per
vear from 1965 to 1974. Estimated total historical global PFCA
emissions to soil and water from the use of AFFF products
based on PFCAs is between 50 and 100 ©.

Consumer and Industrial Products. Widespread use of
PFCAs and derivatives as additives in industrial and consumer
productsin 1966 included metal cleaners, electrolytic plating
baths, self-shine floor polishes, cement, fire-fighting for-
mulations, varnishes, emulsion polymerization, lubricants,
gasoline, and paper, leather, and textile treatments {2).
Additional PFCA industrial uses indicated by recent patents
and technical bulletins include copier, toner, magnetic
recording media, electronic, and sericonductor applications
(42-44). The typical concentrations of PFCAs used in
industrial formulations range between 100 and 5000 ppm.

PFCAs are indicated in patents as components in con-
sumer products including foor polishes, cleaning formula-
tions, hair care products, inks, medical inhalers, fuel additives,
paper, air fresheners, and textile treatments (19, 45-54).
Confirmation of these uses, PFCA amounts, and time frame
of use have not been determined. It is not known to what
extent these patents were actually practiced. Itis estimated
that annual PFCA use in consumer and industrial products
was between 1 and 6 t per year from 1960 to 2000 vielding
historical global emissions between 40 and 200 t, most likely
to air and water. These industrial and consumer uses
represent direct human exposure routes not normally
considered.

Indirect Sources of PFCAs. Perflucrcoctyl sulfonyl-based
{POSF) products made by the ECF process contained PFCA
impurities (55—38;. Further, fluorotelomer-based products
may contain trace levels of PFCAs (<1—-100 ppm) as
unintended reaction byproducts (59). Investigations to
determine the environmental fate through the life cycle
(manufacture, use, and disposal) of these two different
material classes have revealed that there are potential
transformation pathways by which some raw materials from
cach class may degrade to form PFCAs in the environment
(60—65).

POSF-Based Products. POSF-based products have been
mamifactured at several sites in the United States as well as
sites in Belgium, Ttaly, Germany, and Japan. Production began
in the 1960s and increased untll the principal (estimated
80-90% marketshare) manufacturer phased outproduction
in 2002 (58). Global production by the major manufacturer
of POSF as a raw material in 2000 was approximately 3700
t (58). The global use, distribution, and release of POSE-
based productshave been reported (66). Usesincluded indus-
trial applications and consumer products {i.e., food-contact
paper, spray cans for do-it-yourself-application) worldwide,.

POSF-based products contained between 200 and 1600
ppm of PFC {56). Although principally composed of eight-
carbon fluorinated chains, the PFCA impurities in POSF-
based productwere a mixture of linear and branched (up to
30 wt %) chain isomers from four to nine carbons in length
{17). A recent analysis of a series of consumer spray
application products revealed PFCAs from six to nine carbons
ranging in concentration from 5 to 100 ppm (67). Perfluo-
rodecyl- and perfluorododecyl-sulfonates have recently been
reported in environmental samples (68, 69). Their origin has
notbeen determined. However, if these sulfonates originate
from ECF processes, PFCAs, both linear and branched, of
the same chain lengths would also be expected to be present
in the environment. The PFCAs present in POSF-based
products were emitted to the environment {principally air
and water) from point sources as well as dispersive use and
disposal (i.e., landfill and incineration) of industrial and
consumer products (i.c., textile fabrics, carpet, and paper).
On the basis of the reported data for global production of
POSE-based products (58) and a use peried from 1960 to
2002, the global historical emissions of PFCAs from POSF
products are estimated to be between 20 and 130

POSF-based products replaced PFCAs as AFFF surfactants
and became the products of choice for fire protection
companies and suppliers from the 1970s forward. These
products contained between 0.1 and 1.0 wt % of PFCAs
with PFO as the largest component {37—339). Although no
longer manufactured, POSF-based AFFF products are still
in use today from inventories previously in place (70, 71).
As noted carlier, ATFF use resulted in widespread input to
water and soil from sources in urban, rural, and remote
regions, including the Arctic, as well as to the oceans from
shipboard and oil rig training exercises. Based upon historical
emission of PFCAs from 1970 to 2004, total global emissions
of PFCAs are estimated to be between 3 and 30 t from this
sOUrce.

Degradation of POSF-based residual raw materials and
products is also a potential indirect source of PFCAs in the
environment. However, there is little information regarding
their degradation pathways and more studies are needed. It
has been reported that 0.6% of raw material sulfonamide
alcohol N-EtFOSE, F(CF1 .80 N{EGCH,CH,0OH, was trans-
formed to perfluorooctanocate in abiodegradation study {64},
N-EtFOSE and N-MeFOSE have been reported to be present
in outdoorand indoor air (72). The atmospheric degradation
of perflucroalkylsulfonamido raw materials to PFCAs has
recently been reported {73, 74). Utilizing the POSF historical
production, residual POSF-based raw materials between 0.1
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and 3.0 wt %, and 0.5 1.0% degradation of these raw materials
to PFCAs, estimated total historical global emissions of PFCAs
from 1960 to 2002 from degradation of POSF-based raw
materials are between 1 and 30 t

To date, there is no scientific evidence that POSE-based
polymeric or surfactant products degrade to form PFCAs
under environmentally relevant conditions. These products
have been released into the environment (e.g., landfills,
wastewater sludge) and have also been subject to incineration
and recycling (66). Assuch, they mavrepresent alatent source
of PFCAs if they degrade in these situations. A recent
incineration study showed that only one- and two-carbon
fluorinated species arise from thermal degradation of POSFE-
based substances (75).

Numerous POSF derivatives, most notably PFOS, have
been found widely in people and the environment {5—15).
If the PFCAs present in POSF-based products followed the
same exposure and environmental release pathways, they
would be expected to be present in people and the environ-
ment as well. A “signature” of PFCAs originating from ECF
manufacture would be the presence of branched PFCA
isomers. Additional research is needed to fully determine
the significance of these potential exposure and release
pathways and whether PECA isomershave similar or different
environmental and biological partitioning behavior, fate, and
transport.

Fluorotelomer-Based Products. Fluorotelomer-based prod-
ucts have been manufactured since the early 1970s and used
in many of the same industrial and consumer product
applications as POSF-based products (17, 76). Telomer A ls
the basic raw material manufactured at one site in the United
States, one site in Germany, and two sitesin Japan. Ttislikely
that other smaller manufacturing and processing facilities
existaswell. Fluorotelomer-based raw materials and products
are manufactured by a series of steps beginning with Telomer
A (see Supporting Information). Global Telomer A production
between 2000 and 2002 was between 5000 and 6000 ¢ per
year (77). Subsequent chemical reactions create fluorotelomer
raw materials such as fluorctelomer iodides, olefins, alcohols,
and acrylate monomer.

Two methods are used to manufacture fluorotelomer
alcohol (FTOH) from fluorotelomer iodide: sulfaton/hy-
drolysis and solvolysis (76). In both, 2% or less residual
unreacted fluorotelomer iodide remains. Additionally, 2—5
wt % byproduct flucrotelomer olefin (FTO) is formed in the
solvolysis process. Similarly, fluorotelomer alcohol or fluo-
rotelomer iodide is used to make acrylate monomer, a
fundamental building block for the polymeric products
representing »80% of the flucrotelomer-based products
manufactured and used worldwide. The reaction of fluo-
rotelomer alcohol to make fluorotelomer acrylate or meth-
acrylate esters leaves 0.1—0.5 wt % unreacted residual FTOH.
Alternatively, reaction of fluorotelomer iodide and acrylic
acid salt to form acrylate monomer results in 3-8 wt % FTO
byproduct {78). The FTOHs and FTOs are present in the
ultimate sales products unless removed. Using the 5000~
6000 t of Telomer A production in 2002, it is estimated that
2 wt %, or approximately 100 ¢, each of FT'OHs and FTOs
were present annually in fluorotelomer-based products.

Residual fluorotelomer raw materials are potential indirect
sources of PFCAs. They mayreactduring chemical processing
and form PFCAs (e.g., Telomer A oxidation) (18). Trace levels
of PFCAs, including PFO, may be present in some fluoro-
telomer-based products as unintended manufacturing
byproducts {(<1-100 ppm) (59). Environmental release of
PFO to air and water from a fluorotelomer-based products
manufacturing facility as a point source was reported o be
less than 1 kg to air and less than 100 kg to water per year
{79). Recent study results show that trace levels of PFO or
flucrotelomer alcohols (FTOHs) present in fluorotelomer-
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based products are likely to be released to the air during
industrial application of fluorotelomer-based products to
textiles {80). Estimated historical global emissions from 1974
to 2004 of PFCAs to air and/or water from fluorctelomer-
based products containing 1—100 ppm trace fevels of PFCAs
are between 0.3 and 30 t.

Environmental degradation ot flucrotelomer raw materials
present in fluorotelomer-based products is a potential
indirect source of PFCAs. It is estimated that from 2000 to
2002, fluorotelomer-based products contained a sum total
of approximately 200 t per year of FTOH residual raw material
and FTO as a reaction byproduct. FTOHs and FT'Os have
sufficient vapor pressure to be present in air (81). FTOHs
with 6, 8, and 10 fluorinated carbons have been identified
in air samples (82, 83). The 100 t of FTOHs residual in the
total global manufacture of fluorstelomer products from 2000
to 2002 is at the low end of the computed 1001000 t/year
global input necessary to maintain reported atmospheric
FTOH concentrations (84). No atmospheric monitoring data
hasbeenreported for F10s. Ithas been reported that 1-10%
of FTOHs present in air in the gas phase may transform to
PFCAs by reaction with HO, in atmospheric conditions where
NQ, is absent. No PFCAs are predicted to form when NQO, is
present in concentrations common in urban and boreal
regions {63). FTOs are likely to degrade by reaction with HO,
in the atmosphere by the same transformation pathway as
FTOHs (85). An additional atmospheric pathway which may
be important for FTOs is reaction with ozone. Ozonolysis of
FT0Os directly produces odd-numbered PFCAs. Substantial
data gaps must be explored to elucidate the atmospheric
partitioning and fate (e.g., photolysis, partitioning, sorption}
of F'OHs and FTOsin order to fully describe the atmospheric
fate of these substances.

Studies to determine the bicdegradation in sludge of
fluorotelomer alcohols have reported 3—6 wt % formation of
PFO {60—62). Assuming 1.0-2.0 wt % FTOH and/or FTO
presentperunit Telomer A produced and 1-10% degradation
to PFCAs, the global historical contribution from 1974 to
2004 of PFCAs due to degradation of FTOMs and FTOs is
estimated to be between 6 and 130 t. One telomer manu-
facturer recently announced their intent to implement
process technology that will significanty reduce residual
fluorotelomer raw materials and PFCAs in products {23),

Finally, degradation of fluorotelomer-based polymeric
products represents a potential indirect source of PECAs from
degradation during use (2.g., sewage treatment plant sludge
from laundering textiles) or disposal (e.g., landfill or incin-
eration). Recent studies showed that no PFO was formed
under simulated typical municipal incineration conditions
of fabrics treated with fluorotelomer-based polymers (86).
Twenty-eight day degradation studies in sludge and soil did
not indicate polymer degradation to PFO (87, 88). Long-
term (up to one year) abiotic and biotic degradation studies
of fluorotelomer-based polymeric products in scils, sedi-
ments, and anaerobic sludge are underway {89). To date,
there is no scientific evidence that fluorotelomer-based
polymers degrade to form PFCAs under environmentally
relevant and representative conditions.

The predominant AFFF agents produced and sold globally
until May 2000 were POSF-based surfactant products (46,
70, 71). Fluorotelomer-based AFFF surfactant products
became available in the 1970s. Because the POSF-based
products were well established and specified in long-term
government contracts, fluorctelomer-based AFFF products
had a market share of less than 50% for most of the 30 years
both were in use until POSF-based products manufacture
ceased. Fluorotelomer-based AFFF surfactants are principally
CeF3-chains with small amounts of longer perfluorocarbon
chains (37). The primary conclusion from recentmonitoring
studies was that PFCAs present in the groundwater from fire
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training exercises and actual use originated from the POSFE-
based products and not from fluorotelomer-based products
(37). The primary degradation product of the flucrotelomer-
based AFFF agents was reported to be the 6-2 fluorotelomer
sulfonate (CeFCHLCHLSO: 7.

Summary. PFCA Sources. Total industry-wide global
historical PECA emissions to the environmentare dominated
byreleases from flucropolymer manufacture and comprised
mainly of 8-, 9-, and 11-carbon PFCAs. Figure 3 shows the
global historical emissions for each potential PFCA source
using the midpoint of the range in Table 1. Figure 4 presents
aview of estimated PFCA ernissions in the year 2000 by chain
length. A figure showing the sum of direct and indirect PFO
sources from 1999 to 2006 (projected) is included in the
Supporting Information. A 60% reduction in APFO emissions
has occurred between 1999 and 2004. The reduction is
projected to be >75% by 2006. These emission data provide
a basis for exploring the global fate and transport of PFO,
which is the focus of the remainder of the paper.

Physical —Chemical Properties

This section summarizes the physical—-chemical properties
of PFO and PFOA and uses them to provide an indication of
their environmental behavior.

The low reported pK, values of PFOA of 2—-3 {17, 54
indicate that both PFO and PFOA are present in the en-
vironment. PFO and PFOA have different physical—chemical
properties and environmental partitioning behavior. At pH
7, only 3-6 in 100 000 molecules are PFOA, with the
remaining being PFO. At pH 4, about 6% will be PFOA
molecules.

The vapor pressure (Vp) for PFG has not been measured
but is expected to be negligible. Vapor pressures of PFOA
and perflucrononanoic, -decanoic, -undecanocic, and -dode-
cangic acids have been measured at the temperature range
59.25-190.80 YC {91). Vapor pressures were shown to decrease

with increasing chain length of the acid. Extrapolation of the
Antoine equation to 25 YC for PFOA results in an estimated
Ve of 4.2 Pa. In the same study, solid APFG was shown to
readily sublime to gaseous PFOA at room teraperatures,

The solubility of PFO in water is reported to be 4.1 g/L
at 22 Y (92) and 9.5 g/L at 25 YC (83). The sharp increase
of solubility with temperature is qualitatively consistent with
the reported Krafft point of PFO of 20 ¥C and critical micelle
concentration (CMC) 0f3.7 g/L (94). The Krafft temperature
is the limit at which compounds cease to be singly dispersed
and begin to form micelles. Above the Krafft point, the
solubility increases abruptly on account of the formation of
micelles. The solubility of PFOA in water has not been
published, although it is expected to be less soluble than
PFO. The aqueous solubility of PFOA could be determined
in a concentrated acid solution.

PFO/PFOA s expected to form multiple layers in octanol/
water making determination of the octanol—water partition
be an irrelevant measurement for estimating the environ-
mental partitioning of perflucrinated compounds (35, 96).

No measurements of the Henry's law constant (7) have
been made for PFO or PFOA. H is usually given by the ratic
of vapor pressure and water solubility (97). Care should be
taken in calculating H for PFOA and PFO, Tt i3 critical that
water solubility and vapor pressure measurements are for
the same species. H for PFO is expected to be very low and
H for PFOA is expected to be relatvely high so that any
volatilization that occurs is likely to be of PFOA. However,
the volatilization of PFOA from water will depend on the
environmental pH. The proportion of PFOA is approximately
15 000—30 000 tmes lower than PFO at pH 7 making
volatilization fromwaterunlikely. Under acid conditions (e.g,,
pH 4}, 6% would be PFOA, thus a larger fraction would be
available to volatilize.

The sorption mechanism of PFO to solids is not well
characterized. Scil—water partition coefficients for six PFCAs
in six soil types of 2—40% organic carbon (OC) content have
been determined {98). Soil—water partition coefficient (Ky
values of PFCAs exhibited linear relationships with soil OC
content and Koc increased with chain length of the acid. A
Ko 0f 52 Likg was reported for PFO. A recent industry study
{99) in which the sorption/desorption behavior of APFO was
tested for four different soil types (0.8—5.8% OC) confirmed
these results. Kgs for the soils were again linearly correlated
with OC content with Koes varying between 49 and 230 L/kg.
Sorption isotherms were linear over a wide concentration
range. A strong inverse relationship between OC content
and desorption was also shown. Finally, a separate study
reported a lower Koc for PFO in sofl of 17 Lrkg (100 Ttis
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likely that sediment—water partitioning exhibits behavior
similar to soil—water partitioning.

Bioconcentration factor (BCF) measurements with rain-
bow trout for a suite of PFCAs (8—12 carbons) yielded BCFs
from 4.0 (PFQO) to 23 000 (101), indicating that BCF increases
with carbon chain length (a factor of 8 for cach additional
carbon). It is noteworthy that there was a strong correlation
between hydrophobicity, asindicated by CMC (17, 102), and
measured BCFs (101 and Kocs (98). Bioconcentration and
sorption models based on CMC (102} that have been
previously developed for other surfactants may also be
applicable to the PFCAs.

It present in the atmosphere, PFO is expected to bhe
associated with particles since its vapor pressure is thought
to be negligible. PFO could either bind to the organic phase
in aerosols and/or dissolve in water present in the aerosols.
PFOA is volatile and may be presentin the air. Measurement
of PFOA/PFO in the gas and aercsol phases in air is
recommended.

In summary, PFOA is expected to dissociate in the
environment almostentirely to PFO. PFO has negligible vapor
pressure, a high solubility in water, and moderate sorption
to solids. Based on these properties, accwmulation in surface
waters is expected. Limited environmentally relevant physi-
cal—chemical properties and partitioning data prohibit the
application of classical fate models based on partitioning in
the air/water/octanol system (97),

Environmental inventories and Sinks

Environmenial Inventories, In this section, environmental
monitoring data are reviewed and used to estimate mass
inventories in different environmental compartments, and
the keysinks are considered. In making inventoryestimations
it is necessary to estimate the regional background concen-
trations in an environmental compartmentand then multiply
the concentration by the volume or mass of the compartment,
Samples taken near obvious point sources are thus excluded
to avoid positive bias in the inventory estimations. A major
limitation in the inventory estimates is the lack of literature
studies reporting environmental levels. To account for the
wide variabilityin environmental concentrations and physical
processes, al calculations provide aminimum and maximum
estimated PFO environmental inventory range. The inventory
caleulations are only undertaken for the northern hemisphere
environment because monitoring data for the southern
hemisphere are absent. Inventories in the southern hemi-
sphere are expected to be much lowerbecause no significant
production or use of PFCAs is known to have occurred there
and atmospheric and aquatic mass exchange between the
two hemispheres is generally limited (103).

Ocean Water. Coastal water samples have been taken near
densely populated or industrialized countries/regions (e.g.,
SE Asia and North Sea) (104 109) and in the Faroe Islands
{110). Major riverine and sewage treatment input would be
significant for most of these sites. Reported PFO levels in
coastal waters generally vary between 0.2 and 20 ng/L, but
were as high as 450 ng/L in SE Asia samples.

PFCA concentrationsin open ocean samples, both surface
and as deep as 4400 m, have been reported for a number of
seas and oceans {[06—109). PFO levels were orders of
magnitude lower than in coastal areas with concentrations
in surface open ocean waters varying from 0.015 {Central to
Eastern Pacific Ocean) (107} to 0.5 ng/L {open North Sea}
(108},

Adeep ocean water PFO concentration of 69 pg/L (1000~
4400 m) has been reported {107). Surface levels in the same
area were 107 pg/L. Since PFO has been manufactured for
about 50 years and mixing of water between the surface layer
and deep oceanis very stow (deep ocean water has aresidence
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time of several hundred years) (711}, these deep ocean
concentrations are difficult to explain and need to be
confirmed.

For the ocean inventory calculations, a northern hemi-
sphere ocean surface area (1.5 x 10" m?) was extracted from
a global model {112} and the sea surface mixed layer was
assumed to vary between 50 and 150 m. PFO was assumed
well-mixed throughout the surface mixed layer. Open ocean
water concentrations used for calculations were taken from
the Eastern Pacific (0.015-0.142 ng/L) and North Adantic
{0.100—0.439 ng/L) (107), as these two oceans comprise the
greatest surface area in the northern hemisphere. The range
of open ocean concentrations used in the calculations was
thus 0.015-0.439 ng/L. The total estimated PFO inventory
in ocean waters is between 110 and 10 000 t. The broad range
reflects both the high scatterin measured PFO levels and the
variance in the assumed depth of the surface mixed layer.

Freshwater. There are several studies reporting freshwater
concentrations {104, 106, 108, 110, 113—116). The most
comprehensive survey of freshwaters was undertaken in
Japan (104} inwhich most major Japanese rivers and several
lakes were sampled. This survey showed that PFO concen-
trations in Japanese surface waters could be as Jow as 0.1
ng/L in remote areas and about 2—10 ng/L in urban areas.
There were some sites where much higherlevels of PEFO were
reported, but these were shown to be near point sources.
Recentstudiesin the Great Lakes report water concentrations
of PFOin the same range as the Japanese study of 2—40 ng/L
{113, 114). The data from ref 114 reporting 40 ng/L of PFO
in Lake Ontario have been questioned on the grounds of
data guality (117). Furdui et al. (113) claim not to have the
same blank problems that were alleged to prejudice data
quality in ref 114 and report concentrations of PFO of 28
ng/L in several of the Great Lakes. Similar low ng/L levels
have been reported in Scandinavia (110} and in the Elbe
River (108).

For the calculation of PFO in freshwater, it is assumed
that freshwaters can have concentrations between 0.1 {remote
areas) and 10 ng/L (high end of concentrations reported in
rivers or lakes). Using estimated freshwater surface area for
the northern hemisphere of 4 x 10'2 m? and an assumed
average depth of 20 m taken from a global model {7172), the
inventory is estimated as 4—800 ¢,

Sediments. Fresh and coastal water sedirnent concentra-
tions of PFOhave been reported (68, 1 18 121). These studies
collected sediments from a smali U.5. city (Port St. Lucie,
FL), The Netherlands, several Scandinavian countries, San
Francisco Bay, and the Niagara River. Reported PFO con-
centrations in sediments were 24 pg/g to 18 ng/g. Samples
with concentrations of over 1 ng/g were atypical (possibly
in vicinity of point source) with the majority of reported
concentrations being in the hundreds pg/g range. For
inventory calculations we assumed a concentration range of
20 pg/g (lowest reported) to 500 pg/g (high end of concen-
trations reported in rivers, lakes, or coastal zones, away from
point sources),

To calculate the sedimentinventory, sediment arcaswere
taken from a global model (7112} and values for typical sedi-
ment particle density (2.4 g/cm®), bioturbated mixing depth
(5 cm), and surface sediment porosity (0.7) were used (97,
112). The estimated PFO sediment inventory is 3-340 ¢

Air. PFCAs have notbeen reported in the vapor or particle
phase of background airsamples. Kallenborn etal. identified
PFO in precipitation from Finnish and Swedish locations
with a concentration range of 8—17 ng/L {1 10). Turthermore,
Scottetal (122) found PFO as high as 50 ng/L (but generally
less than 10 ng/l) in precipitation samples from 3 different
U.S. sites during 1998. Loewen et al. (123) reported PFOS in
rainfall collected in Winnipeg, MB but no PFCAs were
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detected. Young et al. {124) reported PFOA levels of about
23 ng/L in snow and ice caps in the High Arctic.

The presence of PFO in rainfall and snow indicates the
atmospheric presence of PFCAs. This could be the result of
point sources in the immediate vicinity of the sampling
stations, or the atmospheric transport of PFCAs themselves
or volatile precursors which undergo transformation to
PFCAs. More research on this topic is highlv recommended.

Calculation of the amount of PFG/PFOAIn the atmosphere
is not currently possible due to lack of data. Tt is expected,
however, that the total mass would be low compared to the
masses in surface waters and sediments.

Other Media. Tue to lack of data for PFO in background
soils, it was not possible to calculate a soil inventory. Soils
will receive PFCAsvia atmospheric wet deposition (7110, 122)
and possibly dry deposition, but retention by the soil is
expected to be low compared to other well-known hydro-
phobic organics. Monitoring of PFCAs in backgrounds soils
is needed to test this hypothesis,

Numerous studieshave reported concentrations of PFCAs
in biota and humans (5—15). However, it is difficult to use
these data to calculate an inventory for biota. Tt was not
attermnpted, as we do not expect biota to contain a significant
mass of PFCAs compared to masses in surface waters and
sediments.

Environmental Sinks. Degradation. PFCAs are stable to
acids, bases, oxidants, and reductants and are generally not
believed to undergo metabolic or other degradation in the
environment (17). Historical losses through degradation are
assumed to be negligible.

Transporf to Deep Ocean Water. PECAs may be transported
to deeper water through the physical, downward movement
of water containing them or through sedimentation on
sinking particles (125}, The residence time of the mixing of
the surface mixed layer with the deeper ocean water is
between 300 and 500 vyears (117). The estimated removal
rate of PFO from the surface mixed layer to deeper water can
be calculated as ocean inventory/residence time, which yields
an estimated current annual removal rate of 0.2-33 t/year.
[t is currently not possible to calculate the sedimentation
lossfor PFO (although itis expected to be low) because water
particulate concentrations in the open ocean are unknowi,

Sediment Burial Sedimentburial refers to removal of PFO
below the bioturbated mixed layer that is available for
exchange with the overlying water column. The burial loss
is computed using knowledge of the sediment inventory
estimated here, sedimentation rate (0.1-0.3 cm/year) (97),
time period (50 years), and bioturbated mixing depth (5 cm,
971 and yields a current annual removal rate 0f0.1-21 t/year,

Summary—lInventories and Sinks. The calculations in
this section suggest that oceans contain the majority of PFO
historically released. This is consistent with our knowledge
of the physical—chemical properties of PFO and the fact that
alarge proportion of emissions are released to surface waters.
The only environmental sinks for PFO are considered to be
sediment burial and transport to the deep oceans, implying
averylong environmental residence time. Itis believed that
direct comparison of inventories and emissions provides an
approximate mass balance since only a small percentage of
the PFO historically released is expected to have been
removed from the environment. The total environmental
release of PFC can be estimated as 85% (see Figure 4) of the
total PFCA releases (32007300 t) which is 2700-6200 t. [t
is encouraging to observe that the sum of total environmental
inventories {120—11 000 1) is in the same range, but due to
large uncertainty boundaries the current mass balance is
inconclusive. To provide improved mass balances in the
future, more monitoring data are needed to lower the
uncertainty boundaries in the inventory estimates and to
identify other possible reservoirs for PFO {e.g., soil).

It is worthy of additional note that levels of PFN in the
open oceans are about an order of magnitude lower than
those of PFO (105110, 126). Providing that oceans are the
major repository of PFCAs, the lower levels of PFN relative
to PFO provide support for our estimate that the historical
cumulative emissions of APFN/PFNA are an order of
magnitude lower than those of APFO/PFOA (Figure 4).

Environmental Transpert Pathways

Atmospheric Transport of Volatile Precursors. The deg-
radation and transport of volatile precursor chemicals such
as FTOHs have been hypothesized as the main source of
long-chain PFCAs in remote regions such as the Arctic (63,
84). Not considered and yet to be investigated are potential
precursors such as fluorotelomer olefins (FTOs) and per-
fluorosulfonyl chemicals and potential local sources. More
physical—chemical data for FTOHs as well as information
on gas—particle partitioning and atmospheric deposition
would improve calculations of atmospheric transport.

Armospheric Transport o APFO/PFOA. Thereisevidence
that APFG/PFOA is directly released to the atmosphere at
fluoropolymer manufacturing facilities (127). Air samples
taken at locations surrounding one manufacturing facility
revealed on analysis levels of APFO/PFOA in atmospheric
particulates. Given the high vapor pressure of PFOA, it seems
unlikely that it is present on atmospheric particulates. The
compound detected on the particulates may therefore be
solid APFO, which is consistent with the use of APFQ in the
fluoropolymer manufacturing process. Novapor phase PFOA
was detected above a detection limit of .07 xg/m° The
lifetime of these particulates in the atmosphere and, thus,
their travel distance will depend on the particle size. Less
than 6% of particles were >4 gm, while almost 60% of the
particles were below 0.3 qum. As the ventgases are diluted by
ambient air and the APFC particles move away from the
source, they may sublime to form gaseous PFOA further
increasing travel distances. Gaseous PFOA in the atmosphere
can arise from the atmospheric degradation of precursors,
from emission of APFO followed by sublimation, and from
volatilization {81). The atmosphericlifetimes of gaseous 1 —4-
carbon PFCAs (128) and PFOA (129) have previcusly been
examined and are thought to be dependent on removal by
wet and dry deposition rather than removal by reaction with
hydroxyl radicals. Atmospheric lifetimes for gaseous PFOA
of a few days to several weeks have been estimated (129).
Further studies are required to determine whether direct
atmospheric transport of APFO/PFOA Is asignificant pathway
for long-range transport.

Atmospheric Transport of PFO on Marine Aerosols.
Marine aerosol {a significant part of atmospheric acrosol) is
generated through gas-bubble production and collapse
through breaking waves and rough sea conditions (130). The
sea surface micro-layer can, thus, supply the atmosphere
with organic-rich particles that should be considered as a
possible contributor to the long-range transport and wide-
spread global distribution of PFCAs, even in remote regions.
This transport pathwayis expected to be especially important
for surfactants such as PFCAs based on the fact that high
concentrations of water-soluble hydrocarbon surfactants
have been shown to accumulate on the upper sealayers and
sea surface {130—135). Studies are needed to determine
whether and to what extent marine aerosols contain PFCAs
and may contribute to their global transport.

Aguatic Transport. There is strong evidence for the
importance of aquatic transport of hexachlorocyclohexzanes
to the Arctic {136, 137). These chemicals are semi-volatile,
envirorumentally persistent, and only sparingly water soluble
(138). As PFCAs are highly water-soluble and persistent, they
are hypothesized to have a high potential for long-range
aguatic transport to the Arctic. To explore this hypothesis,
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we have used the approach presented in Macdonald et al.
(137} 1o estimate the guantity of PFQO that is transported to
the Arctic by the oceans. The total flow of water entering the
Arctic surface ocean {mainly through West Spitzbergen
Current, Barents Sea, Norwegian Current, and Bering Strait)
is approximately (4.86 £ 1.3) x 10% m®/s (137). By taking the
lowest reported open ocean PFO water concentrations of
0.015-0.062 ng/L (central Pacific Ocean) as representative
of background levels in the northern hemisphere (107) and
multiplying by the water flow rate, the PFO that reaches the
Arctic is calculated to be between 2 and 12 ¢ per vear.
Unpublished data presented recently (139) demonstrated
that the Pacific Ocean water concentrations used in this
calculation are similar to concentrations of PFO in Arctic
waters (Greenland Sea). PFOA and PFOS were present in all
samples with concentrations ranging between 0.020 and
0.120 ng/L.

The flow paths of surface ocean currents and time scale
for them to be transported to the Arctic Ocean are bestknown
for the North Atlantic based on studies using radionuclide
tracers {140—142). For example, it takes 5—7 years for ¥Cs
to travel from the Irish Sea to the entrance of the Arctic
Ocean. Considering that PFCAs have been emitted for
approximately 50 years and accumulating in the oceans,
ocean water transport to the Arctic is likely to be important.
As a point of comparison, between 0.1 and 1 t per year of
PFCAs was estimated to be delivered to the Arctic from the
northern hemisphere from FTOH degradation and subse-
quent atmospheric deposition (124, 143). Thus, ocean water
transport is estimated to be more significant as an input
route to the Arctic. We recomimend that the relative
importance of these two pathways be further examined.
Ocean transport and degradation of precursor chemicals
detected in water should also be considered.

A complication in comparing these pathways is that in
the environment the pathways will combine. Ocean water
transport of PFCAs is the combination of (a) discharges of
PFCAs to surface waters and subsequent transport, (b}
atmospheric loadings of PFCAs to surface waters and
subsequent transport, and {c) discharge of precursors to
surface waters, transformation to PFCAs, and subsequent
transport. Atmospheric transport of PFCAs is the combination
ot (a) discharges of PFCAs to the atmosphere and subsequent
transport, {b) discharge of precursors, transformation to
PFCAsand subsequent transport, and (c) surface-air transport
of PFCAs and subsequent atmospheric transport. These
processes are lkely to occur multple times as these
compounds are transported around the globe, a process
sometimes described as “grasshopping” {144).

Source Patterns. Patterns in chain lengths and the
branching of PFCAs in environmental samples may provide
clues to their sources and transport pathways. Branched
PFCAs are only known to arise from the ECF production
processes. Likewise, PFCAs with carbon chain lengths greater
than or equal to 14 are likely to arise from fluorctelomer-
based substances, as a direct source from their use in PFCA
manufacture, or as an indirect source from degradation.
Associating chain length patterns in environmental samples
to patterns in sources is complicated because patterns may
become altered as a result of different partitioning and
uptake/clearance rates in biota for the various PFCAs.
However, it is interesting to note that the PFCA emissions
pattern shown in Figure 4, odd-carbon PFCAs 9, 11, and 13
from highest to lowest each being greater than their next-
highest even numbered PFCA homologue 10, 12, or 14,
originatinglargely from directsources, matches the patterns
reported in biota sampled from remote regions {9, 14).

Differences have been observed in chain length patterns
of PFCAs in polar bear livers in the Eastern and Western
Arctic {15); e.g., ahigher ratioc of PENA/PFOA in the Western
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Arctic thanin the Eastern Arctic. [f PFCAs are transported via
wind and/or ocean currents, then the prevailing pathways
suggest that the source of PFCAs in the Eastern Arctic is
attributable to transport from Western Europe and Eastern
North America, while the Western Arctic would be influenced
mainly by Eastern European sources (15). Interestingly, the
higher PENA/PFOA ratio in the Western Arctic is consistent
with the manufacture and use of PFNA/APFN in Fastern
Asia.

Time Trends in Biota. Studies that report increasing
concentrations of some PFCAs with time in Arctic ringed
seals, sea birds, and polar bears from the early 1970s to early
2000s (145, 146) have been suggested to provide evidence for
the importance of transport/degradation of precursors as a
mechanism for delivery of PFCAs to the Arctic. It is recom-
mended that these datasets are statistically analyzed to
determine if the upward slopes of concentrations are
significant and to determine confidence intervals for the
reported doubling times. The age of animals studied should
also be taken into account, which is complicated by the
contradictory nature of recent literature studies {147, 148).
One recent study claims no significant change in the
concentrations of PFCAs in polar bear livers with age (147),
whereas another suggests a significant increase in lver
concentrations with age (148). Nevertheless, all the possible
transport pathways discussed in this paper could explain an
increasing trend in Arctic levels of PFCAs. Even though ocean
water transport is relatively stow compared to atmospheric
transport, it could still explain recent rising Arctic levels in
aquatic wildlife because direct sources of PFCAs to surface
waters have beenincreasing sharply for several decades since
the 1950s.

The apparent downturn in perfluorooctane sulfonate
(PF(OS) concentrations reported in aquatic wildlife since 2000
{145, 149) is currently under investigation. It seems unclear
whether (a) the species studied could clear PFOS so rapidly
or (b) concentrationsin the exposure media (water and food)
of these species would have decreased so rapidly even if
atmospheric deposition of PFOS has declined as a result of
emission reductions.

Acknowledgments

We thank ALARM {GOCE-CT-2003-506675) and PERFORCE
{NEST-508967), two research projects funded by the Euro-
pean Union DGXTL, for support of this work. We gratefully
acknowledge the insight and suggestions of Professor Michael
McLachlan of Stockholm University.

Supperting Information Available

Details of manufacturing schematics for PFCAs and
flusrotelomer based products, PFCA weight composition of
commercial products, recentand projected emissions of PFO/
APFO, and details of all emission, inventory, and sink
calculations. This material is available free of charge via the
Internet at http://pubs.acs.org.

Literature Cited

(1) 3M Company Technical Bulletin. 3M The Leader in Electro-
fuorination; 3M Company: St. Paul, MN, 1995,

(2) Holzapfel, W. Uses of Fluorinated Surfactants. Feife, Seifen,
Anstrichm. 1968, 68, 837842,

(3) 3M Technical Bulletin., Fluorad Fluorochemical Surfactants,
3M Company: St. Paul, MN, 1994,

(4) U.S.EBPA. Perfluorooctanoic Acid (PFOA), Fluorinated Telomers;
Request for Comment, Solicitation of Interested Parties for
Enforceable Consent Agreement Development and Notice of
Public Meeting: U.S. EPA Administrative Record OPPT-2003-
0012-0001; U.S. Environmental Protection Agency: Washington,
DC, 1929,

ED_002974_00000595-00009



Olsen, G. W.; Church, T.; Miller 1. P.; Burris, §. M.; Hansen, K.
I.; Lundberg, I. K. Perfluorooctanesulfonate and other fluoro-
chemicals in the serwm of American Red Cross aduit blood
donors. Environ. Health Perspect, 2003, 111, 18921301,
Giesy, 1. P.; Kannan, K. Global Distribution of Perflucrooctane
Sulfonate in Wildlife. Environ. Sci. Technol. 2008, 35, 1339~
1342.

) Kannan, K; Newsted, ]. L.; Halbrock, R. S.; Giesy, J. P.

Perfluorooctanesulfonate and Related Fluorinated Hydrocar-
bons in Mink and River Otters from the United States. Environ.
Sci. Technol 2002, 36, 25662571,

Kannan, K.; Choi, 1.-W.; Isekd, N.; Senthilkumar, K.; Kim, D. F,;
Masunga, 5.; Giesy. I. P. Concentrations of perflucrinated acids
in livers of birds from Japan and Korea. Chemosphere 2002, 48,
225—236.

(9) Martin, I. W, Smithwick, M. M.; Braune, B. M.; Hoekstra, P. F;

(14)

(15}

{16

=
~J

(18)

{19

(20)

(22}

Muir, D. C. G.; Mabury, S. A. Identification of Long-Chain
Perfluorinated Acids in Biota from the Canadian Arctic. Environ.
Sci. Technol. 2084, 38, 373--380.

Corsolini, 8.; Kannan, K. Perfluorooctanesulfonate and Related
Fluorachemicals in Several Organisms Including Humans from
Ttaly. Organchalogen Compd. 2004, 66, 4079—4085.

) Martin, 7. W,; Whittle, D, M,; Muiy, D. C. G,; Mabury, 5. A,

Perfluoroalkyl Contaminants in a Food Web from Lake Ontario.
Environ. Sci. Technol 2004, 38, 53735385,

Hof, P.T.; Scheirs, [.; van de Vijver, K; van Dongen, W.; Esmans,
E. L.; Blust, R, de Coen, W. Biochermical Effect Bvaluation of
Perfluorooctane Sulfonic Acid-Contarinated Wood Mice (Apo-
demus sylvaticus). Environ. Health Perspect. 2004, 112, 681~
6586.

3) Tomy, G. T.; Budakowski, W,; Halldorson, T.; Helm, P. A Stern,

G. A.; Priesen, K. Pepper, K; Tittlemier, S. A,; Fisk, A. T.
Fluorinated Organic Compounds in an Fastern Arctic Marine
Tood Wels. Environ. Sci. Technol 2004, 35, 64756481,

De Silva, A. O.; Mabury, 5. A. Isolating isomers of perfluoro-
carboxylates in polar bears (Ursus maritimus) from two
geographical locations. Environ. Sci. Technol. 2004, 38, 6538—
6545,

Smithwick, M.; Mabury, S. A, Solomon, K. R.; Sonne, C.; Martin,
LW, Born, BEVW.,; Diets, Derocher, A, B.; Letcher, B. ].; Evans,
.1 Gabrielsen, G, W.; Nagy, [.; Stirling, 1; Taylor, M. K; Mudr,
D. C. G. Circumpolar Study of Perfluoroalkyl Contaminants inx
Polar Bears (Ursus maritimus) Envivon. Sci. Technol. 2005, 29
(15), 5517-5523.

Simons, |. H. Blectrochemical Process for the Production of
Fluorocarbons /. Electrochem. Soc. 194%, 95, 4759,

) Kissa, E. Fluorinated Surfactants and Repellents, 2nd ed.; Vol.

$7 in Surfactant Science Series; Marcel Delder: New York, 2001.
Grottenmuller, R.; Knaup, W.; Probst, A; Dullinger, K. Clarfant
GrnbH. Process for the preparation of perfluorocarboxylic acids
from perflucroalkyl iodides and oxygen. European Patent
Application 1172350, 2002.

3M Company. 3M Fluorad Surfactants; Product Information
Bulletin; 3M Company: St. Paul, MN, 1995.

Fluoropolymer Manufacturing Group. Fluoropolymer Manu-
Jacturers Group Presentation Slides; U.S. EPA Administrative
Record AR226-1094; 1.5, Environmental Protection Agency:
Washington, DC, 2002,

3M Company. Veluntary Use and Exposure information Profile
Perfluorcoctanic Acid and Salts; U.S. EPA Administrative Record
AR226-0595; U.S. Environmental Protection Agency: Wash-
ington, DG, 2000.

Environment Direciorate, QBCD. PFOS, PFAS, PFOA and Related
Chemicals: Responses to the Questionnaire; report ENV/IM 22;
Organisation for Fronomic Cooperation and Development:
Paris, 2004.

) DuPont Company. DuPont Global PFOA Strategy; U.5. EPA

Administrative Record AR226-1914; U.S. Environmental Protec-
tion Agency: Washington, DC, 2005.

AsahiGlass Co. Process for producing perfluorocarboxylic acid.
British Patent 1473807, 1975.

1 Daikin Industries. Method for preparation of perfluorocarboxylic

acid by oxidation of (perflucroalkyl)ethylene. Japanese Patent
JP10279517, 1898,

APEN Work Group. APFN Work Group Presentation 1o EPA;
Administrative Record ARZ26-1229; U.S. Environmental Protec-
tion Agency, Washingtor, DC, 2003.

27) Tosch Corporation. Preparation of fluorocarboxylic acid am-

monium salts as surfactants. Japanese Patent Application
(2169553, 1930,

Scheirs, 1., Bd. Modern Fluoropolymers; John Wiley & Sons: New
York, 1997.

(29}

(300

B

) Krusic, P. C.; Roe, Ib. C. Gas-Phase

Ring, K.-L.; Kalin, T.; Kishi, A. Fluoropolymers; CEH Marketing
Research Report 2002; Menlo Park, CA, 2002,

Dyneon. Nutzen der Fluorkunsistoffe fily eine Nachhaltige
Entwickiung, presentation to the Germany Ministry of the
Envirorument, Umwelt Bundes Amt (UBA), 30 November 2004,
Paustenbach, D. T.: Panko, S. M.; Scott, P Unice, K. Retraspective
Modeling of potential residential exposure for perfluorooctanoic
Acid (PFOA) releases from a manufactering facility. Manuscript
submitted for publication.

) The Society of the Plastics Industry. Guide fo the Safe Handling

of Fluoropolymer Resins, 31rd ed.; SPI: Washington, DC, 1998,
IR Technique for Studying
the Thermolysis of Materials: Thermal Decomposition of
Armmonium Perfluorooctanocate. Anal. Chem. 20604, 76, 3800~
3803.

34) Fluoropolymer Manufacturing Group. Dispersion Processors

(39)

(40)

{41)

{42)

{(43)
{(44)
45
(46)
47)
{48)

{49)

Mass Balance Report; U.5. EPA E-Docket OPPT2003-0012-0900,
-08901, -0802, -0803, -0%04; 1.3, Environmental Protection
Agency: Washington, DC, 2005.
Philadelphia Suburban Corporation. Fire-Fighting Composi-
tions. U.S. Patent 3849315, 1976,

) Nittann Co. Foam fire extinguishers for petroleum and polar

organic solvents. Japanese Patent JP58112565, 1983.

) Moody, C. A.; Field, J. A. Perfluorinated Surfactants and the

Environmental Implications of Their Use in Fire-Fighting Foams.
Environ. Sci. Technol, 2000, 34, 3864—-3870.

Mouody, C. A Hebert, G N Strauss, S, Field, | A, Occurrence
and persistence of perfluorooctanesulfonate and other perflu-
orinated surfactants in groundwater at a fire-training area at
Wurtsmith Air Porce Base, Michigan, USA. L. Environ. Monit.
2003, 5, 341345,

Moody, C. A Martin, | W.; Kwan, W, C; Mudr, D. C. G.; Mabury,
S.A. Monitoring perfluorinated surfactants in binta and surface
water samples following an accidental release of fire-fighting
foarn into Btobicoke Creek. Environ. Sci. Technol 2082, 36,545—
551.

Schultz, M. M.; Barofsky, D. F; Field, 1. A, Fluorinated alkyl
surfactants, Environ. Eng Sci. 2083, 20, 487-501.
Yarnashita, N.; Kurunrhachalam, K.; Taniyasu, S.; Hordl, Y
Hanari, N.; Tsuyoshi, O. Environmental Contamination by
Perfluorinated Carboxylates and Sulfonates Following the use
of Fire-Fighting Foam in Tomakormai, fapan. Qrganchalogen
Compd. 2004, 66, 40634068,

Addressograph-Multigraph Corporation. Chemically treated
carrier particles for use in electrophotographic process. U.S,
Patent 3922381, 1875,

Matsushita Electric Industrial Company. Magnetic-recording
medium. Japanese Patent JP57200934, 1982,

Daikin Industries Lid. Cleaning agent and method for cleaning
silicon wafers using the same. World Patent W09520642, 1995.
Bultrnan, D. A.; Pike, M. T. The Use of Fluorochemical Surfactants
in Floor Polish. Chem. Times Trends 1983.

Asahi Glass Co. Lid. Cleaning compositions; glass cleaner.
Japanese Patend JP57119993, 1982,

Alberto Culver. Perfluorinated compounds in hair treatment
compositions. U.5. Patent 3993745, 1976.

Zoeliner-Brauve, Metal effect drawing inks. German Patent
DE4327982, 1985,

3M Company. The use of soluble fluorosurfactants for the
preparation of metered-dose aerosol formulations. World Patent
Wo8114422, 1991,

) Phillips Petrolewmn Company. Anti-icing Puel Additives; fuel

additive. U.S. Patent 2876750, 1958.

) Nippon Cil and Fats Co. Lid. Release coating compositions for

drum drving of paper. Japanese Patent JP62215090, 1987.
Lion Corporation. Surfactants for stable air fresheners. Japanese
Patent JPB3222767, 1988,

) Enders, H. Polymers of fluorocarbons in textile finishing. Textil-

Rundschoe 1961, 16, 531-539.

3M Company. Aqueous compositions containing flucrocarbon
group-containing polymers and surfactants for improved an-
tisoiling properties and fibrous substrates treated therewith,
World Patent W(9638622, 1996.

) 3M Company. Life-Cycle Waste Stream Estimates; U5, BPA

Administrative Record AR-226-0681; U.S. Environmental Pro-
tection Agency: Washington, DC, 2000.
3M Company. Environmental, Health and Safety Measures
Relating to Perfluorcoctanoic Acid and its Salts (PFOA); U.5.
EPA EDocket OFPPTS2003-0012-0007; U.S. Environmental Pro-
tection Agency: Washington, DC, 2003.

YOL. 4G, NO. 1, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY % 41

ED_002974_00000595-00010



6h

64

{66

67
68

{69)

9) Telomer Research Program. Lefter of Intent;

) 3M Company. Sulfonated perflucrochemicals: US release esti-

mation 1897, Part 1. life-cycle waste stream estimates; 3M
Company: St Paul, MN, April 21, 2000.

) 3M Company. Phase-out Plan for POSF-Based Products; U.S.

EPA Administrative Record AR226-0588; 1.5, Environmental
Pratection Agency: Washington, DC, 2000.

U.5. EPA
EDocket OPPTS-2003-0012-0013; 1.5, Envirotunental Protec-
tion Agency: Washingion, DC, 2003.

Wang, N,; Szostek, B.; Folsom, P. W; Suleckd, L. M,; Capka, V.,
Buck, R. C.; Berti, W. K.; Gannon, ]. T. Aerobic Biotransformation
of “C-labeled 8-2 Telomer B Alcohol by Activated Sludge from
a Domestic Sewage Treatment Plant. Fnviron. Sci. Technol. 2005,
39, 531-538.

Wang, N.; Szostek, B.; Buck, R. C.; Folsom, P. W.; Sulecki, L. M.;
Capka, V.; Bertl, W. R,; Gannon, [. T. Fluorotelomer Alcshol
Riodegradation — Direct Bvidence that Perfluorinated Carbon
Chains Breakdown. Environ. Sci. Technol. 2805, 39, 75167528,

2) Dinglasan, M. 1. A; Ye, Y. BEdwards, E. A,; Mabuwy, S. A.

Fluoratelomer Alcohol Biodegradation Vields Poly- and Per-
flucrinated Acids. Erviron. Soi. Technol 2004, 38, 2857 2864,
Ellis, D, A Martin, . W,; De Silva, A. O.; Mabury, S. A Hurley,
M. D.; Sulbaek Andersen, M. P.; Wallington, T. ]. Degradation
of Fluorotelomer Alcohols: A Likely Atmospheric Source of
Perfluorinated Carboxylic Acids. Environ. Sci. Technol 2004,
38, 33163321

Lange, C. C. The aerobic blodegradation of N-EtFOSE alcohol by
themicrobial activity present in municipal wastewater treatment
sludge. Biodegradation study report; 3M Project 1D LIMS B00-
2252; 3M Company: St Paul, MN, 2000

5) Shiang, F.Q.; Rhoads, X. R.; Higgins, C. P.; Luthy, R. G,; Criddle,

C. 8. Abstracts of Papers, 228th ACS National Meeting, Phila-
delphia, PA, August 2226, 2004; American Chemical Society:
Washington, DC, 2005; ENVR-115,

3M Company. Fluorochemical Use, Distribution and Release
Overview;, U.5. EPA Administrative Record AR226-0550; 1.5,
Enviranmental Protection Agency: Washington, DC, 1999.
Unpublished data, see Supporting Information.

Higgins, C. P Field, 1. A,; Criddle, C. S.; Luthy, R.G. Quantitative
Determination of Perfluorochemicals in Sediments and Do-
mestic Sludge. Environ., Sci. Technol 2005, 39, 3946-3956.
Toschik, P. C.; Ratiner, 8. A.; McGowan, P. C.; Christman, M.
C.; Carter, D, B, Hale, R. C; Matson, C. W,; Ottinger, M. A,
Effects of contaminant exposwre on reproductive success of
ospreys (Pandion halicetus) nesting in Delaware river and bay,
USA. Envivon. Toxicol. Chem. 2085, 24, 617628,

70) Risk & Policy Analysis, Ltd,, Loddon, Norfolk, UK. Perfluo-

(75

rooctane Sulphonate Risk Reduction Strategy; prepared for the
U.K. Department of the Bavironment, Food and Rural Affairs;
2004.

Fire Fighting Foam Coalition. Estimated Quantities of Agueous
Film Forming Foam in the United States; U.S. BPA Administrative
Record OPPTS 2003-0012-0714; U.5. Environmental Protection
Agency: Washington, DC, 2004.

72) Shoeib, M.; Harner, T.; Ikonomou, M.; Kannan, K. Indoor and

Outdoor Alr Concentrations and Phase Partitioning of Perfluo-
roalkyl Sulfonamides and Polybrominated Diphenyl Ethers.
Environ. Sci. Technol 2004, 38, 13131320,

73} Martin, . W Ellis, D. A Mabury, S. AL Hurley, M. D.; Wallington,

(74)

S
(&1
e

76)

(77

1. §. Atmospheric lifetime and oxidation products of n-ethyl
perflusrobutane sulfonamide; FLUCGROS 2005 Conference, 19
August 2005, poster ENVOLY,

Deon, | C; Mabury, §. A Hurley, M. D,; Wallington, T, 1.
Atmospheric fate of n-methyl perfluorobutane sulfonamido-
ethanol; FLUOROS 2005 Conference, 19 August 2005, poster
ENVG21.

) University of Davion Research Institute. Final Report-Laboratory

Scale Thermal Degradation of Perfluoro-Octanyl Sulfonate and
Related Substances; U.S. FPA Administrative Record AR226-1367;
U.8. Environmental Protection Agency: Washington, DC, 2003.
Raw, N. 8.; Baker, B. 8. In Organofivorine Chemistry. Principles
and Commercial Applications; Banks, R. B, Smart, B, E, Tatlow,
1. C., Eds.: Plenum Press: New York, 1994; pp 321336,
Telomer Research Program. Telomer Research Program Update-
Presented to the UUSEPA OPFT, November 25, 2002; .S, EPA
Adrainistrative Record 226-1141: U.S. Envirorunental Protection
Agency: Washington, DC, 2002.

78) Daikin Industries, Ltd. Process for producing polyfluoroaliyl

ester and process for producing fluorinated acrvlic copolymer
from the ester, European Patent EP1195370, 2000

£2 » ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 48, NO. 1, 2006

{79

(80)

(81

(83)

(84)

(86)

(88)

(89)

(890)

2y

{96

97

{98)

(99

(168) 3MC

DuPont Company. DuPont Telomer Manufacturing Sites: Fn-
vironmenial Assessment of PFOA Levels in Air and Water; U.S.
EPA EDocket OPPT 2003-0012-0217; U5, Environmental Pro-
tection Agency: Washington, DC, 2003,

Buck, R. C; Kaiser, M. A,; Knaup, W.; Bdse, W,; Schéfer, T.;
Thoma, B. Determining the Fate of Fluorotelomer Alcohol and
PFROA in the Textile Finishing Process. Manuscript in prepara-
tion.

Krusic, P. I.; Marchione, A. A,; Davidson, F.; Kaiser, M. A.; Kao,
C.-P. C.; Richardson, R. E.; Botelho, M.; Waterland, R. L.; Buck,
R. C. Vapor Pressure and Intramolecular Hydrogen Bonding in
Fluorotelomer Alcohols, J Phys. Chem. 2005, 108, 62326241,

) Martin, J. W, Muir, D. C. G.; Moody, C. A Ellis, D. A,; Kwan,

W.-C.; Solomon, K. R; Mabury, 8. A. Collection of Airhorne
Fluorinated Organics and Analysis by Gas Chromatography/
Chenical lonization Mass Spectrometry. Anal Chem. 2002, 74,
584--580.

Stock N. L.; Lau F. X; Bllis D. A.; Martin 1. W, Muir D. C G;
Mabury S. A Polyflucrinated telomer alcohols and sulfonamides
in the North American troposphere. Environ. Sci. Technol. 2004,
38, 991--996.

Ellis, D. A,; Martin, . W,; Mabury, S. A Hurley, M. D.; Sulbaek
Andersen, M. P.; Wallington, T. §. Atmospheric lifetime of
flucrotelomer alcohols, Environ. Sci. Technol 2002, 37, 3816
3820.

) Vesine, E.; Bossoutrot, V.; Mellouki, A.; Le Bras, G.; Wenger, [

Sidebottom, M. Kinetic and Mechanistic Study of OH- and Cl-
Initiated Oxidation of Two Unsaturated HFCs: C4FSCH:CH2
and CEFISCH:CHZ. J. Phys. Chem. A 2000, 104, 8512 -8520.
Yamada, T.; Taylor, P. H.; Buck, R. C;; Kaiser, M. A; Giraud, R.
1. The Fate of Fluorotelomer Treated Consurner Articles in
A Mugicipal Waste Incinerator. Chemosphere 2005, 61, 974
984.

) Bése, W.; Ho, C,; Knaup, W.; Koch, V. Riodegradation potential

of a Clariant fluorctelomer-based acrylate polymer—Results for
a test of inherent biodegradability. Poster presented at Fhuoros:
Intternational Symposium on Fluorinated Alkyl Organics in the
Environment, August 158-20, 2005, Toronto, Canada.

Wang, N.; Szostek, B.; Buck, R. C.; Folsom, P. W.; Sulecld, L.
Pawley, C.; Berti, W, R. Microbial Biotransformation of Fluo-
rotelomer-Based Substances; Society of Environmental Toxicol-
ogyand Chemistry, 2005 Buropean Meeting poster presentation.
DuPont Company. Overview of APFO/Telomer-Active DuPont/
DuPont-Sponsored Projects; U.S. BPA Administrative Record
ARZ226-1880; U.5. Environmental Protection Agency: Wash-
ington, DG, 2004,

U.S. Environimental Protection Agency. Preliminary Risk As-
sessment of the Developmental Toxicity Associated with Exposure
to Perfluorcoctancic Acid and its Salts; Office of Poliution
Prevention and Toxics, Risk Assessment Division, U.S. EPA:
Washington, DC, 2005.

Kaiser, M. A.; Larsen, B. 8.; Kao, C.-P. C.; Buck, R. C. Vapor
Pressures of Perfluoro -Octanoic, -Nonanoic, -Decanoie, -Un-
decanoic, and -Dodecanoic acids. /. Chem. FEng Dafa 2005
published online Aug. 26, http://dy.doi.org/ 10.1021/32050070r .,
Prokop, H. W.; Zhou, H.-T,; Xu, 8.-Q.; Wu, C-H,; Liu, C.-C. Analysis
ofthe products from the electrochernical fluorination of ootanoyl
chloride. J Fluorine Chem. 1988, 43, 277290,

Kauck, E. A.; Diesslin, A. B. Some properties of perfluorocar-
boxylic acids. Ind. Eng. Chem. 1851, 43, 2332—-2334.

4) Nakayama, H. Krafft temperatures of perflucro-octanoic acid

and of its salts. Bull Chem. Soc. Jpn. 1967, 40, 15921595,

) Bllis, D AL Cahill, T. M. Mabury, S. A, Cousins, L T.; Mackay,

D. Partitioning of Organofluorine Compounds in the Envivon-
ment. In Handbook of Environmental Chemistry; Neilson, A,
H., Ed,; Springer: Berlin, Germany, 2002; pp 63-83.

U.S. Environmental Protection Agency. PBT Profiler; Chemicals
that Can’t be Profiled: Highly Fluorinated Compounds; .S,
Bavironmental Protection Agency: Washington, DC. www-
phiprofiler.net/chemicals.asp#¥luor.

Mackay, U. Mulitimedia Environmental Models: The Fugacity
Approach, 2nd ed.; CRC Press: Boca Raton, FL, 2001.
Sullivan, R. C.; Mabwry, 8. A. Sorption of perfluorinated
carboxylates and sulfonates to soil. Poster presented at SETAC
220d Annual Meeting, Baltimore, MD, 2001.

Dekleva, L. A. Adsorption/desorption of Ammonium Perfluo-
rooctanoate to soil (OECD 106); DuPont EMSE Report EMSER
17-03, 2003.

o pany. Adsorption of FC 95 and FC 143 in soil, Technical
Report; U.S. EPA Administrative Record AR226-0488; U.S.
Environmental Protection Agency: Washington, DC, 1978,

ED_002974_00000595-00011



(101

{102}

{103}

{104}

(105}

(106)

(107}

(108)

(109]

(110}

(111}

(112)

(113}

(114

{115}

(116

aw

(118)

(119}

(120}

Martin, [. W.; Mabury, S. A.; Solomon, K. B,; Muir, D. C. G.
Bioconcentration and tissue distribution of perfluorinated acids
in rainbow trout (Oncorhynchus mykissi. Environ. Toxicol.
Chem. 2003, 22, 196204,

Tolls, 1: Sijm, D. T. H. M. A preliminary evaluation of the
relationship between bioconcentration and hydrophobicity
for swrfactants. Fnviron. Toxicol Chem. 1895, 14, 1675
1685.

Turado, B.; Jaward, F. M.; Lohmann, R.; Jones, K. C.; Simo, R,
Dachs, J. Atmospheric Dry Deposition of Persistent Organic
Pollutants to the Atlantic and Inferences for the Global Oceans.
Environ. Sci. Technol. 2004, 38, 5505—-5513.

Saito, N.; Harada; K.: Inoue, K.; Sasaki, K.; Yoshinaga, T
Kaizumi, A. Perfluorooctanaate and perfluorooctane sulfonate
concentrations in surface water inJapan. /. Occup. Health 2004,
46, 49—-59.

So, M. K; Tanivasu, S.; Yamashita, N.; Glesy, 1. P,; Zheng, |,
Fang, 7.; Bm, 5. H.; Lamy, P. €. 5. Perfluorinated compounds in
coastal waters of Hong Kong, South China, and Korea. Environ.
Sci. Technol 2604, 38, 4056—4063.

Yamashita, N.; Kannoan, K; Tanivasy, 5.; Horli, Y.; Hanari, N
Okazawa, T, Petrick, G. Environmental contamination by
perfluorinated carboxylates and sulfonates following the use
of fire-fighting foam in Tomakomai, Japan. Organohalogen
Compd. 2004, 66, 4063—4068.

Yamashita, N.; Kannan, K,; Tanivasu, 5,; Hordi, Y.; Petrick, G,
Game, T. A global survey of perfluorinated acids in oceans.
Mar. Pollut. Bull Published online May 23, hitp://dx.doi.org/
10.1016/j.marpolbul. 2005.04.026.

Caliebe, C.; Gerwinski, W.; Hithnerfuss, H.; Theoba, N. Gc¢-
currence of Perfluorinated Organic Acids in the Water of the
North Sea. Organchalogen Compd. 2004, 66, 40744078,
Sinclair, E.; Tanivasu, 5.; Yamashita, N.; Kannan, K. Perfluo-
rooctanoic Acid and Perfluorcoctane Sulfonate in Michigan
and New York Waters. Organohalogen Compd. 2004, 66, 4069
4073,

Kallenborn, R.; Berger, U.; Jarnberg, U.; Dam, M,; Glesne, O.;
Hedlund, B. Hirvi, J.-P.; Lundgren, A.; Mogensen, B. B.
Sigurdsson, A. 8. Perfluorinated alkylated substances (PFAS) in
the Nordic environment; Nordic screening project report
Tema Nord, 2004: 552 Nordic Council of Ministers: Copen-
hagen.

Thurman, H. V. Essentials of Oceanography, 3vd ed.; Merrill
Publishing Co.. Cohunbus, OH, 2000,

Wania, F; Mackay, D. A global distribution model for persistent
organic chemicals. Sci. Total Environ. 1995, 160/161, 211~
232.

Furdui, V. 1; Crozier, P.; Reiner, E; Mabury, S. A. Direct
measurement of perfluorcalkylated surfactants in the Great
Lakes water samples. Organohalogen Compd. 2005, 67, 211~
214,

Boulanger, B.; Vargo, I.; Schunoor, 1. R Hornbuckle, K. C.
Detection of perflucrooctane surfactants in Great Lakes water.
Environ. Sci, Technol. 2004, 38, 40644070,

Hansen, K. 1; Johnson, H. O.; Eldridge, I. S.; Butenhoff, . L,;
Dick, L. A. Quantitative Characterization of Trace Levels of
PFOS and PFOA in the Tennessee River. Environ. Sci. Technol.
2602, 36, 165811685

Moody, C. A Kwan, W. C.; Martin, . W,; Muir, D. C. G Mabury,
S. A. Determination of Perfluorinated Surfactants in Surface
Water Samples by Two Independent Analvtical Techniques:
Liquid Chromatography/Tandem Mass Spectrometry and F
NMR. Anal Chem. 2001, 73, 2200-2206.

Field, 1. A; Sironich, S.; Barofsky, D. Corament on “Detection
of Perfluorooctane Surfactants in Great Lakes Water” and “Mass
Budget of Perfluorcoctane Surfactants in Lake Ontario”.
Environ. Sci. Technol. 2005, 39, 3883 —3884.

3M Company Environmental Laboratory. Envirenmental
Monitoring — Multi-city study: Water, sludge, sediment, POTW
effluent and landfill leachate samples, executive summary,
U.S. EPA Administrative Record AR226-0670 through 0681;
U.S. Environmental Protection Agency: Washington, DC,
2001,

Schrap, S. M.; Voogt, de P.:van Leeuwen, 5. P.; Pilnenbwrg, A,
M. C. M. Perfluorinated compounds in the Dutch aquatic
environment. SETAC Burope 14th Annual Meeting, 2004,
Prague, Czech Republic.

Lucacin, C.; Furdud, V. L; Crozier, P. W.; Reiner, E. |.; Marvin,
C. H.; Wania, F.: Mabury, 5. Temporal study of perfluorinated
alkyl substances in Niagara River sediments {1980—2000).
Organohalogen Compd. 2005, 67, 764-766.

(122)

(123)

(124)

m
)
N
~3

(128

o~
[
98]
(=]

(137)

(138)

(139)

} DeVoogt, P; Roon, A. Perfluorinated chemicals in sediments,

particulate matter, soil and samples from The Netherlands.
Organohalogen Compd. 2088, 67, 790-793.

Scott, B.F, Spencer, C; Moody, C. A Mabury, 5. A MacTavish,
D.; Muir, D, C. G. Determination of Perfluoroalkanoic Acids
in the Aquatic Environment (MOP/8). SETAC Burope 13th
Annual Meeting, Hamburg, Germany, April 27—Mayl, 2003.
Loewen, M.; Halldorson, T.; Wang, F.; Tomy, G. Fluorotelomer
Carboxylic Acids and PFOS in Rainwater from an Urban Center
in Canada. Environ. Sci. Technol. 2005, 539, 29442951,
Young, C. ; Muir, D. C. G.; Koerner, R. M.; Mabury, S. A.
Atmospheric flux of perfluorinated acids into the High Arctic.
Poster presentation at Fluoros: International Symposiwm on
Fluorinated Alkyl Organics in the Environment. August 18-
20, 2005, Toronto, Canada.

Gustafsson, O.; Gschwend, P. M.; Buesseler, K. O. Settling
removal rates of PCBs into the Northwestern Atlantic derived
from 2 *Th disequilibria. Environ. Sci. Technol. 1897, 31,
4--3550.

Calbiebe C.; Gerwinski W.; Hithnerfuss; Theobald, N. Occurrence
of perflucrinated organic acids in the water of the North Sea.
Grganochalogen Compd. 2004, 66, 4074-4078.

Barton, C. A, Butler, L. E,; Zarzecld, C. 1,; Flaherty, §. M.; Kaiser,
M. A, Characterizing Perflunrooctanocate in Ambient Alr Near
the Fence Line of a Manufacturing Facility: Comparing
Modeled and Monitored Values. [ Air Waste Manage. Assoc.
28635, in press.

Hurley, M. D,; Sulbaek Andersen, M. P.; Wallington, T.}; Ellis,
D. A, Martin, 1. W.; Mabury, S. A. Atmaospheric Cheraistry of
Perfluorinated Carboxylic Acids: Reaction with OH Radicals
and Atmospheric Lifetimes. J. Phys. Chem. A. 2004, 108,615—
620,

Franklin, |. Screening assessment of the potential for long-range
atmospheric fransport of perfluorcoctanoic acid: U.S. EPA
Docket OPPT-2003-0012-0183; U.S. Environmental Protection
Agency: Washington, DC, 2003.

Dobson, C.M,; Ellison, G. B.; Tuck, A. F; Vaida, V. Atmospheric
aerosols as prebiotic chemical reactors. Proc. Natl Acad. Sci.
. 2608, 97, 11564 11868.

.. Bellandj, S.; Deglilnnocenti, N; Stortini, A. M.; Loglio,
. Schiavuta, B.; Cind, R. Surfactant components of marine
orgartic matter as agents for biogeochemical fractionation and
pollutant transport via marine aerosols. Mar. Chem. 1998, 63,
235253,

Latif, M. T.; Brimblecombe, P. Surfactants in atmospheric
aerosols. Erviron. Sci. Technol. 2004, 38, 6501 —6506.
Tervahattu, H.; Hartonen, K; Kerminen, V.-M.; Kupiainen, £
Aarnio, P.; Koskentalo, T.; Tuck, A, F.; Vaida, V. New evidence
of an organic layer on marine aerosols. L Geophys. |
[Atmospheres] 2002, 107 (D7 & D8), AAC 1/1-AAC 1/9.
Murphy, D. M.; Thompson, D. S; Mahoney, M. 1. In-situ
Measurements of Organics, Meteoric Material, Mercury and
other Blements in Aerosols at 5 and 19 km. Science 1998, 282,
16641669,

Ellison, G. B.; Tuck, A. ¥.; Vaida, V. Atmospheric processing of
organic aerosols. [ Geophys. Res. [Atmospheres] 1998, 104 (DY),
1163311641,

Wania, F.; Mackay, D. Global chemical fate of a-hexachloro-
cyclohexane: 2. Use of a global distribution model for mass
balancing, source apportionraent, and trend prediction. En-
viron. Toxicol. Chem. 1999, 18, 1400—1407.

Macdonald, R. W.; Barrie, L. A; Bidleman, T. ¥.; Diamond, M.
L; Gregor, D. 1,; Semkin, R. G.; Strachan, W. M. 1; 1i, Y. F,;
Wania, F.: Alase, M.; Alexeeva, L. B.; Backus, 5. M.; Bailey, R,;
Bewers, . M.; Gobeil, C.; Halsall, C. J.; Hamer, T.; Hoff, 1. T.;
Jantunen, L. M. M.; Lockhart, W. L.; Mackay, D.; Muir, D. C.
G.; Pudyldewicz, 1.; Reimer, K. 1; Smith, ]. N Stern, G. A
Schroeder, W, H.; Wagemann, R,; Yunker, M. B. Contaminants
i the Canadian Arctic: 5 years of progress in understanding
sources, occurrence and pathways. Sci. Total Environ. 2000,
254, 93—-234.

Wania, F.; Mackay, D.; Li, Y.-F,; Bidlernan, T. F; Strand, A,
Global chemical fate of a-hexachlorocyclohexane: 1. Bvalu-
ation of a global distribution model. Environ. Toxicol. Chem.
1989, 138, 1390—-1399.

Caliehe, C.; Gerwinski, W.; Theocbald, N.; Hilthnerfuss, H.
Occurrence of perflucrinated organic acids in the water of the
North Sea and Arctic North Atlantic. Poster presented at
Fluoros: International Syrmaposium on Fluorinated Alkyl
Organics in the Bnvironment. August 1820, 2005, Toronto,
Canada.

YOL. 4G, NO. 1, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY % 43

ED_002974_00000595-00012



(140

(141}

(142}

(143)

(144)

(145}

Smith, J. N Ellis, K. M, Jones, E. P. 137Cs transport into the
Arctic Ocean through Fram Strait. J. Geophys. Res. 1990, 95C2,
16931701,

Smith, . N.; Bilis, K M.; Kilius, L. R. 2% and Y7Cs tracer
measurements in the Arctic Ocean. Deep-Sea Res. 1998, 45,
959-984.

Kershaw, P.; Baxter, A. The transfer of reprocessing wastes
from north-west Burope to the Arctic. Deep-Sea Res. 1995, 42,
14131445,

Wallington, T. Atmospheric chemistry oflong chain fluorinated
organic compounds. Platform presentation at Fluoros: In
ternational Symposium on Fleorinated Allyl Organics in the
Bavirorunent. August 1820, 2005, Toronto, Canada.
Wania, F.; Mackay, D. Tracking the distribution of persistent
organic pollutants. Environ. Sci. Technol. 189986, 30, 3590A—
396A.

Butt, C. M.; Stock, N. L; Mabury, S. A, Muir, D. C. G; Braune,
B. M. Spatial and temporal trends of perfluorinated alkyl
substances in ringed seals and seabirds (Northern Fullmar
and Thick-Billed Murre) from the Canadian Arctic. Poster
presentation at Fluoros: International Symposium on Flu-
orinated Alkyl Organics in the Environment. August 1820,
2005, Toronto, Canada.

£4 » ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 48, NO. 1, 2006

(146)

(147)

{148}

(149)

Muir, D. Biomonitoring of perfluorcalkyl acids: An overview
of the global and teraporal trend data. Platform presentation
at Fluoros: International Symposium on Fluorinated Alkyl
Organics in the Bovirorument, August 18-20, 2005, Toranto,
ON.

Tannan, K; Yun, S. 8.; Bvans, T. {. Chlorinated, brominated
and perfluorinated contaminants in livers of polar bears from
Alaska. Environ. Sci. Technol., published online Nov. 1, http://
d.doi.org/10.1021/e3051850n.

Smithwick, M.; Muir, D. C. G;; Mabury, S. A,; Solomon, K R
Martin, J. W. Perfluorocalkyl contaminants in liver tissue from
Fast Greenland polar bears (Ursus maritimus). Environ. Toxicol,
Chem. 2005, 24, 981986,

Holmsivdm, K. E.; Jdrnberg UL Bignert, A. Temporal trends of
PFOS and PFOA in guillemot eggs from the Baltic Sea, 1968—
2003. Environ. Sci. Technol. 2005, 39, 8084,

Received for review June 29, 2005. Revised manuscript re-
ceived September 8, 2005, Accepted September 12, 20085,

ES0512475

ED_002974_00000595-00013



